I. INTRODUCTION

W
ITH the explosion of active electronic devices with integrated sensors, the remote reading of physical quantities is no more challenging in Internet of Things related applications. Nevertheless, the electromagnetic waves propagation, typically required for the wireless transmission of sensor data, imposes serious limitations in terms of the maximal range of interrogation, the multisensors interrogation capability, the embedded battery lifetime and the available frequency bandwidth. These constraints limit the applicability and the performance of wireless sensor network (WSN) technologies in numerous practical scenarios. WSN devices are often commercialized under different protocols of communication such as Bluetooth low energy, ZigBee, or LoRa [1] . Typically, the end nodes of these networks are active devices with integrated circuits and batteries that generate specific frames for communication. The battery lifetime of such sensors can last up to 10 years for specific configurations and use cases. However, due to the active nature of the required circuitry, compounded by the mW power consumption levels of their transceivers during transmissions, such battery lifetimes can only be achieved at the cost of heavy duty cycling. Such operation is inappropriate for time-sensitive sensing and monitoring applications. Moreover, the wireless measurement of physical quantities becomes especially challenging in harsh environment that limits the amount of human intervention, such as very high or very low temperature and pressure, or even radioactivity. Hence, continuously interrogated sensors with long lifetime and long achievable range are highly required. One possible solution is the use of remotely readable passive sensors (without integrated devices and dc power supply) because their lifetime depends only on their constitutive material properties. However, the main technical challenge lies in deriving the physical quantity of interest from the measurement of sensors' electromagnetic echoes at a very long interrogation range.
Several technologies are currently used to perform effectively the remote interrogation of passive sensors. Radiofrequency identification (RFID) technology is widely utilized in many applications for both tag identification (based on a barcode reading) and tag sensing. However, power regulations do not allow RFIDs to achieve a sufficient interrogation range (typically < 10 m) in applications where environments are harsh and highly reflective (note that surface acoustic wave sensor interrogation has been demonstrated in [2] for range up to 30 m in specific configurations). In addition, working at low frequencies can be problematic for the integration of small antennas. Moreover the electromagnetic to acoustic wave transitions can further degrade the range of interrogation. Other technologies at higher frequencies exist, such as passive millimeter-wave identification sensors working around 60 GHz, allowing the miniaturization of passive tags, like pressure sensors [3] , and featuring a range of interrogation of only few meters. This paper is originally based on a previous version which proposes for the first time an alternative technique to the standard RFID interrogation in order to locate and remotely read flexible passive humidity sensors at long interrogation ranges (>50 m) [4] . The present extension reports the more detailed description of three different beam scanning techniques, including the synthetic aperture radar (SAR) beam scanning approach. Moreover, an enhanced estimation of the humidity is proposed here from adding additional contributions to the measured echo level distribution, and by improving the linearity of the long-range relative humidity (RH) estimation. Finally, it is shown that the RH at the sensor location can be derived from the proposed beam scanning techniques even if undesirable clutters are present inside the volume of analysis. The sensor tag can be used to monitor the humidity on targeted areas with difficult access, and avoids battery replacement in structural health monitoring applications. The obtained longrange interrogation enlightens all the potential of such passive tags and the proposed method of interrogation can be extended to the wireless measurement of various physical or chemical quantities using Van-Atta reflectarray sensors.
The proposed technique merges technologies from two different domains: 1) a frequency-modulated continuouswave (FMCW) scanning method involving signal processing, SAR, and statistical estimators and 2) the design of passive sensors using humidity-sensitive Kapton-based Van-Atta retrodirective arrays. This original technique was already introduced in [5] and [6] although there was no report of its use for an integrated passive sensor and, at such a long distance and with the measurement sensitivity reported here. The sensitivity improvement is mainly due to the combination of the crosspolarization and retrodirective effects of the reflectarray which enhances the signal-to-noise-ratio (SNR). Moreover, this kind of humidity passive sensors was wirelessly interrogated at only 5.5 m [7] and detected at 30 m [8] . Such results require at least a 4-GHz frequency band (13%) around 30 GHz to perform the required full-scale dynamic range measurement.
The first part of this paper describes the hardware used for the interrogation technique as well as the properties of the Van-Atta reflect array. Three mechanical beam scanning techniques are described in detail here for the remote estimation of the RH with high accuracy: 1) the spherical beam sweeping performed by a stationary radar; 2) the cylindrical beam sweeping performed also by a stationary radar; and 3) the SAR obtained from the uniform linear motion of the radar with constant velocity. The second part is focused on the indoor interrogation of the humidity passive sensors at different ranges of interrogation up to 58 m. Several methods are investigated in order to achieve the largest full-scale measurement range and the highest linearity. Special attention will be devoted to the definitions of statistical estimators from the Gaussian distribution of measured electromagnetic echoes and linearity corrections. A 3-D display of echoes using convenient isosurfaces is also reported with/without the presence of passive humidity sensors in a highly cluttered environment. Measurement results obtained from the remote reading of the Van-Atta reflectarray at different angles of incidence are finally discussed and a direction-of-arrival (DoA) analysis is applied to remove undesirable echoes.
II. WIRELESS INTERROGATION OF PASSIVE SENSORS
This section focuses on the hardware description of the reader (24-GHz FMCW radar mounted on a mechanical platform) and the passive humidity sensor (Van-Atta sensor reflectarray).
A. Radar Beam Scanning Description
The reader is often called short-range FMCW radar [9] because it allows targets detection below 100 m. However, it is actually a long-range reader when used for the wireless interrogation of passive sensors as it allows reading range above 5 m. More specifically it is demonstrated here that reading ranges of passive sensors up to 58 m are possible [4] .
The 24-GHz FMCW radar from IMST GmbH (DK-sR1030e model) transmits a so-called chirp that is a triangular frequency-modulated signal. In our proof-of-concept demonstration, the carrier frequency is of 23.8 GHz. This choice brings many advantages, such as: 1) a good achievable linearity of the radar voltage control oscillator over a wide frequency band (B = 2 GHz), which is mandatory for ensuring a sufficient depth resolution d (d = c/2B = 7.5 cm, where c denotes the velocity of light [10] ); 2) an operating frequency in the ISM band; and 3) the design of small size passive sensors with integrated miniaturized antennas. The duration T of the up-ramp of the modulation is 5 ms and corresponds to a chirp rate B/T of 0.4 GHz·ms −1 . Note that the frequency band B used here exceeds the ISM band limits of 250 MHz. However, it has already been shown in [5] that it is possible to interrogate passive sensors in such narrower bandwidth, but at the expense of degradation in measurement sensitivity.
A mechanical beam scanning is performed as the transmitted (Tx) channel of the FMCW radar is connected to a rotating parabolic antenna with the gain of 33.5 dBi and the 3-dB beamwidth of 2°[see Fig. 1(a) ]. The rotation has a step of 1°in azimuth and elevation. The mechanical pan-tilt (Pelco PT570P) is synchronized with the transmitted signal through a computer unit [see Fig. 1 (a) Kapton-based Van-Atta reflectarray prototype. (b) Long range (60 m) and indoor remote measurement setup of this prototype in a corridor [4] .
are of 60°and 25°in azimuth and elevation, respectively. The Tx and Rx antennas are also positioned in orthogonal linear polarizations, in order to take advantage of the crosspolarizing properties of the printed Van-Atta humidity sensor. A spatial translation of the radar system is also performed. Let df = 2D 2 /λ be the Fraunhofer distance, where D = 50 cm is the largest antenna dimension of the parabolic dish diameter. Consequently, the theoretical separation distance between far and near-field regions stands at df = 39.6 m. The radar output power is 20 dBm (100 mW).
This platform is used here for comparing the performances of three possible mechanical beam scanning techniques for the remote interrogation of passive humidity sensors, that is: 1) the spherical beam sweeping; 2) cylindrical beam sweeping performed by a stationary radar; and 3) the SAR-type scanning obtained from the uniform linear motion of the radar with constant velocity.
The electronic beam scanning could be used instead of the proposed mechanical scanning. However, the mechanical beam scanning offers the advantage to perform accurate rotations both in azimuth and elevation, and contrary to the electronic scanning using fixed (static) antennas, it ensures the same beamwidth (i.e., the same angular resolution) in all beam directions, as Tx and Rx antennas keep unchanged their beamwidth during the rotation.
B. Kapton-Based Van-Atta Passive Humidity Sensors
The proof-of-concept passive humidity sensor used for the measurements is a 74×74 mm 2 Van-Atta reflectarray structure [see Fig. 2(a) ]. It is composed of five side-by-side linear antenna arrays and inkjet-printed on an easily low-cost and integrable flexible substrate (Kapton HN polyimid). It has the property to retransmit the incident waves in phase and in crosspolarization. The linear antenna arrays of the tag are connected following the characteristic Van-Atta scheme. Contrary to basic Van-Atta reflectarrays, two connecting networks are here required in the structure, in order to connect both complementary polarization couples and thereby inducing a crosspolarization of the reemitted signal. As reported in [7] and [8] , such flexible printed Van-Atta targets provide a simultaneously high and largely isotropic radar cross section that is, in addition, extremely robust to bending. These combined properties confer high detectability from a large range of incident angles, as well as enable conformal mounting and polarimetric detection compatibility. Using the bistationary FMCW radar for the linearly polarized incident electromagnetic fields facilitates the detection of the passive sensor by increasing the SNR. Moreover the sensor ground plane allows the placement of the sensor in close proximity of metallic clutter without degrading its reradiating properties.
The permittivity of the Kapton is very sensitive to humidity of which a small change generates an observable shift of the device resonant frequency [8] . According to the substrate datasheet, the relative permittivity of the used Kapton is a function of RH as follows: ε r = 3 + 0.008RH.
Thus, an appropriately designed passive sensor at 24 GHz provides a measurable echo level fluctuation. To demonstrate the unique properties of the proposed reflectarray-based sensor wireless, indoor measurements of this sensor are performed in a long (60 m) corridor [ Fig. 2(b) ]. In comparison with outdoor or nonreflective environments, performing indoor measurement may generate significant multipath and decrease the SNR. This is generally due to high reflective cluttering objects, such as metallic grids or walls. It was intended to perform these measurements in such conditions to validate the experiment in a nonideal rugged environment.
III. MEASUREMENT RESULTS AND DISCUSSION
Different methods are detailed in this section to measure the RH from the wireless interrogation of Van-Atta reflectarray. In Section III-A, the structure of the multidimensional radar data grid for three mechanical beam scanning techniques (reported as solutions n°1, n°2, and n°3) is described. The solution n°1 (spherical sweeping) is then applied in Section III-B to interrogate the Van-Atta sensor reflectarray located at 1.3 m from the reader. Several estimators are derived to retrieve the RH. In Section III-C, solutions n°1 and n°2 are combined to perform the so-called sweeping combination. This beam scanning is applied for the wireless reading of a sensor reflectarray located at 10 m from the reader. In Section III-D, the solution n°3 (SAR beam scanning) is reported. Measurement results for these different beam scanning techniques are reported in Table I . In Section III-E, the feasibility of interrogating Van-Atta sensor reflectarray at long ranges of interrogation (up to 58 m) is demonstrated.
A. Passive Sensor Remote Interrogation Using Three Different Multidimensional Radar Beam Scannings
The main principle of the multidimensional radar beam scanning (2-D or 3-D) is to analyze the signals backscattered by the passive sensor when using multiple directions of interrogation. Several beat frequency spectra (that is, one spectrum per direction of interrogation) are then obtained from the 3-D scanning, and processed in a volume of analysis composed of so-called voxels (When a 2-D scanning instead of a 3-D scanning is used, beat frequency spectra are processed on a surface of analysis composed of so-called pixels). To each voxel, a specific echo level is assigned and is expected to contain some information on the humidity at the passive sensor location.
Three mechanical beam scannings are considered here for the remote estimation of the RH: 1) the spherical beam sweeping performed by a stationary radar (solution n°1); 2) the cylindrical beam sweeping performed by a stationary radar (solution n°2); and 3) the SAR-type scanning obtained from the uniform linear motion of the radar with constant velocity (solution n°3). Each of these three scannings generates a specific voxel volume or surface which characterized the spatial resolution of the chosen scanning. The volume resolutions V S (solution n°1) and V C (solution n°2), and the surface resolution S SAR (solution n°3) are given by
where R denotes the distance between the center of the voxel and the radar, while θ S , ϕ s , and d x designate the steps in azimuth, elevation, and cross-range, respectively; d is the previously defined depth resolution (see Section II-A); v is the constant velocity of the radar during its uniform linear motion; PRI is the pulse repetition interval of the radar. Equations (1)- (3) are valid here since the duty-cycle T /PRI of the FMCW radar is low (T /PRI = 5% for PRI = 100 ms). The voxel volume for the three solutions considered here is illustrated in Fig. 3 .
B. Indoor Sensor Interrogation at 1.3 m and Definition of Statistical Estimators of the Relative Humidity
Wireless measurements are first performed to study the linearity and the full-scale measurement range of the Van-Atta reflectarray humidity sensor. For this purpose the passive sensor is placed in a homemade chamber with a humidity controller and a reference humidity sensor (Fisherbrand 90954) with an accuracy of ±5%.
The chamber has a very low relative permittivity (ε r very close to 1) to minimize electromagnetic reflections. The ambient humidity inside the chamber increases by heating a humid sponge. The relative humidity and the temperature are recorded at the beginning and at the end of each measurement.
For this very first experiment, the distance between the radar and the sensor is set at 1.3 m. The spherical sweeping (solution n°1) is chosen with an angle of ±10°in azimuth and ±10°in elevation requiring the recording of 441 beat frequency spectra (about 3960 voxels) at different interrogation directions.
The relative humidity can be remotely derived from the calculation of statistical estimators. The estimator can be defined as the echo level of specific voxel or as the combination of echo levels at different voxels.
When defining a statistical estimator of the humidity from the analysis of the 3-D (or 2-D) radar image, four key parameters must be considered: the achievable dynamic range D of the estimator; the sensitivity η of the estimator with respect to humidity; the linearity of the estimator with respect to humidity (this linearity is characterized by the coefficient of determination R 2 ); and finally, the standard error or precision ε, that is, the difference between the value of the estimator and the value given by the linear regression of the estimator with respect to humidity.
Three statistical estimators are proposed here to derive the relative humidity from the measured scattering data as follows:
1) the value e Max of the-unique-voxel containing the maximal echo level; 2) the mean echo level e A of all voxels values in the total interrogated volume; 3) the estimatore S such that s = φ (e S ) where s is a given number of voxels and φ denotes Gaussian-like distribution of the measured echo level. This function is given by
and
where K is the scaling factor, μ denotes the shift (in dB) of the distribution, σ designates the standard deviation, and erf is the error function. Compared with our earlier work [4] , the probability density function (PDF) has been modified by defining the domain of φ in dB scale and by adding the contribution of the function , which generates an asymmetry controlled by the skewness parameter α [11] . This asymmetry allows improving the fitting of the PDF to the measurement results and then deriving a more accurate description of the echo level distribution. Measurement results are fitted to φ for given values of the parameters μ , σ , K , and α, followed by a Kolmogorov-Smirnov test [12] between the PDF and the measurement data. The Kolmogorov-Smirnov test can be applied here if the parameters of the distribution are correctly defined. If the resulting two-tailed p-value of the test is lower than 95%, the echo level interval is reduced and ends to a success test with p ≥ 95%. The sensitivity of this test is often higher at the center of the distribution where the impacts on the tails of the distribution are limited. For a better sensitivity of this test at the tails of the distribution (i.e., for high echo levels or for noise echo levels), the Anderson-Darling [13] test could be preferred.
To enlighten the physical meaning of the statistical estimator e S , the distribution φ is plotted in Fig. 4 for various relative humidities. It can be observed that the profile of the distribution varies with RH. As RH changes the estimator e S varies, and depends on the number s of voxels: a small number of voxels (including extrapolating values inferior to 1) leads to high dynamic range D at the expense of low measurement precision ε. The requirement for optimal value of s (if exists) could be a precision from e S close to one obtained from e Max and a sensitivity of e S better than one achieved by e Max .
The three estimators e Max , e A , and e S are computed for RH varying from 38% to 69% (see Fig. 5 ). The resulting key above-defined parameters D, η, R 2 , and ε of these estimators Fig. 4 . Measured Gaussian-like distribution of the echo level for various relative humidities using the Van-Atta reflectarray humidity sensor interrogated at 1.3 m. From this statistical distribution, the estimator e S is computed for a given number of voxels. As indicated in the image, for a relative humidity 63% and s = 100 voxels, the estimator e S is found to be of −52 dB. are reported in Table I . Here, s = 4 voxels which leads to a sensitivity (0.6 dB/%) higher than e Max (0.4 dB/%). In order to improve the precision (ε) and the linearity (R 2 ) of the estimator e S , a correction is applied based on the high linearity of the estimator e A . To apply this correction, let a A and a S be the sensitivities with respect to relative humidity RH of estimators e A and e S , respectively. Moreover let b A and b S the intercepts (estimator value for RH = 0%) of linear regressions of the estimators e A and e S , respectively. As a consequence, it can be written that e A = a A .RH +b A and e S = a S .RH +b S . For RH > 50%, the correction consists of computing the following estimator:
From this estimator, the RH is obtained with a better precision (0.7 dB instead of 0.9 dB) and an improved linearity (R 2 = 0.98). Consequently, the analysis of statistical estimators like e S offers many advantages as it allows improving the sensitivity of the passive sensor by at least 50% without impacting the measurement precision.
C. Indoor Interrogation at 10 m and Sweeping Combination Method
When performing the spherical beam sweeping with a stationary radar (solution n°1), the volume of the voxel increases with distance R [see (1) ]. From (2), a cylindrical sweeping (solution n°2) can be used to reduce the voxel volume. However, the challenge is to retrieve the voxel of highest echo when the position of the sensor is not accurately known at long interrogation ranges. For the sake of illustration the Van-Atta reflectarray humidity sensor is placed at 10 m from the radar. A spherical sweeping (solution n°1) is performed with an angle of ±5°in azimuth and ±5°in elevation, generating a volume containing 270 voxels. Fig. 6 is the resulting 3-D representation of the ambient echo level at distances (z-direction) between 10 and 10.2 m for RH = 34%. It is displayed with isosurfaces [14] (layers of the same echo level) which are superimposed on a 3-D Cartesian grid. Inside the volume are included the echo levels of interest but also spurious echoes (clutters). If the clutter is not removed, the humidity estimation is erroneously obtained from the estimator called e MaxERR . Nevertheless, the clutter can be ignored by focusing the analysis on echoes of a small volume incorporating the sensor. In this case a second estimator is extracted, called here e MaxOPT . However, this estimation requires knowing the exact position of the sensor (or in another perspective the exact position of the radar). Another solution consists of performing a step-by-step linear translation of the radar (perpendicular to the direction of interrogation) after each spherical sweeping. This method (combination of solutions n°1 and n°2) is called here the sweeping combination as it is equivalent to combine data from cylindrical and spherical sweepings. From solutions n°1 and n°2 and the resulting PDF defined in (4), the new statistical estimator e S (n) is computed, where n designates the number of linear steps (n = 0 corresponds to solution n°1). For illustration purpose, five spherical sweepings separated by Moreover, the second Rx channel is used in order to take into account the echoes of around 2700 voxels.
The statistical estimators e S (with s = 4 voxels), e MaxERR , e MaxOPT , and e S (n = 4) are displayed in Fig. 7 for a relative humidity varying from 34% to 74%. As expected, e MaxERR is biased by spurious echoes which have a constant echo level around −33 dB. If the sensor position is known, e MaxOPT offers good performances with high linearity (R 2 = 0.97) and a full-scale dynamic range of 9.5 dB. If the sensor position is unknown, undesirable effects of clutters are attenuated as shown by e S (n = 4) performances. The sensor echo variation is retrieved with a good linearity (R 2 = 0.93) and a precision ε of 1.5%. These results are of course degraded in comparison with ones obtained from the estimator e MaxOPT . However, the fact that the sensor echo level variation is detectable among higher echo levels is remarkable. The impact of the number of steps adopted in solutions n°1 and n°2 (sweeping combination) can be observed in Table I . As expected, for the solution n°1 only (spherical sweeping) the relative humidity estimation is not as good as for the combined solutions with n ≥ 1 (R 2 = 0.88 and ε = 5%). This is due to a less number of voxels and informative echo data in solution n°1 only compared to solutions n°1 and n°2 combined.
D. Remote Reading of Humidity Sensor at 2.1 m Using a SAR Beam Scanning
For this experiment, the Van-Atta reflectarray humidity sensor is placed on a conveyor belt at a distance of 2.1 m from the radar. The passive sensor has a constant speed v = 3.8 cm·s −1 , and the radar system is stationary, as depicted in Fig. 8(a) . This configuration is equivalent to solution n°3 (SAR scanning) introduced in Section II-A in which the humidity sensor is stationary and is interrogated by a radar having a uniform linear motion with constant velocity of ν = 3.8 cm·s −1 . The pulse repetition interval PRI of the radar is of 100 ms and leads to a duty-cycle T /PRI of 5%. From the radar and antenna parameters, the stop-and-go approximation can be used and Doppler shift effects can be neglected [15] . The 2-D radar data grid is then generated by applying an FFT on the time signal at each PRI [ Fig. 8(b) ]. 2-D radar images for different values of relative humidity are displayed in Fig. 9 . In Fig. 9 , the ordinate is the interrogation range (theoretical resolution d of 7.5 cm) while the abscissa is the crossrange (resolution d x of 3.8 cm with a PRI of 100 ms). The echo levels at distances close to 2.1 m are mainly due to the sensor backscattering and depend on the relative humidity. For RH = 20% the sensor backscattering is maximal and is associated with the highest echo level. For RH = 56%, the resonant frequency of the reflectarray is found to be out of the frequency band of the radar. Consequently a low echo level is measured. Additional high echoes can be observed at 3 m and are the constant clutters from the environment. These undesirable echoes must not be taken into account in the estimation of the relative humidity. From (3), the surface resolution S SAR is here of 28.5 cm 2 . This resolution depends on speed v of the sensor when using stationary radar (or of the radar velocity when interrogating stationary sensor) and on the PRI. The estimator e Max is reported in Table I for different values of PRI. It has been calculated for a relative humidity varying from 20% to 56%. A good linearity (R 2 = 0.99) and precision (1 dB) of e Max is obtained with a dynamic range of 9 dB. As expected, both the linearity and precision are Fig. 2(b) . Due to the cross-polarization effect, the sensor is detectable at these long distances. A DoA filter (bottom) removes the undesirable echoes (clutter) and the multipath generated by the walls of corridor.
degraded when the PRI exceeds 1 s.
From all the results reported in Table I , it can be observed that the estimators performance depend on the reading range: more the tag is close to the radar more the sensitivity is raised. (The sensitivity reaches 0.6 dB/% at 1.3 m.) This is due to a degradation of the SNR as the reading range increases. Nevertheless, the relative humidity can be derived from a calibration process and link budget. Independently of the interrogation range, the accuracy of the proposed estimators can be improved. For the sweeping combination (solutions n°1 and n°2), the linearity (R 2 ) increased with the number of translations (n = 4). Moreover, for the SAR beam scanning (solution n°3), the sensitivity and linearity are enhanced from reducing the PRI of the radar (or equivalently, from generating finer radar data grids).
E. Long-Range Radar Interrogation (58 m) of the Passive Humidity Sensor and DoA Analysis
The Van-Atta humidity sensor reflectarray is now located at 58 meters from the radar and for a relative humidity of 48%. A picture of the experimental setup is shown in Fig. 2(b) . Due to hardware limitations, only N = 1024 samples are used here for discretizing the chirp up-ramp frequency modulation. As a consequence, it is no more possible at this distance to perform echoes measurement with the radar bandwidth of 2 GHz. The bandwidth can be set to 1.2 GHz leading to a lower theoretical depth resolution (d = 12 and 5 cm) and a theoretical maximal interrogation range of d × N/2 = 64 m. Moreover, the x-range and y-range resolutions are found to be of 1 m for the adopted 1°mechanical sweep step. Fig. 10 displays the 3-D representation of the ambient echo (clutter) level at distances (z-direction) between 57.5 and 58.5 m. The estimator e Max (that is, the value of highest echo magnitude in the volume of analysis) for the passive sensor echo levels Humidity estimator e Max computed from the measured electromagnetic echoes of a passive sensor located at 58 m from the radar as a function of (a) different beam directions with a cylindrical sweeping (solution n°2) and (b) different cross-range positions with a spherical sweeping (solution n°1). The backscattered signal is received by two antenna arrays (antenna 1 and antenna 2) of 1 × 5 patch antennas separated by a distance of 6 mm with the gain of 8.6 dBi and the beamwidth of 60°and 25°i n azimuth and elevation, respectively. over the isosurfaces found to be of −56.2 dB. The Van-Atta reflectarray humidity sensor is visible among the clutter with a dynamic range difference of 6 dB, knowing that the maximal echo from the clutter is e Max = −62.1 dB. This difference of 6 dB has been measured by analyzing e Max with and without the reflectarray. Despite the lower depth and crossrange resolutions, it is very encouraging to observe that the echo level of the clutter is very small compared with the echo of the humidity sensor at such long distances. If the sensitivity of 0.2 dB/% is preserved, the full-scale dynamic range (which is the echo level difference between the highest and lowest echo levels generated by the reflectarray) is close to 9 dB. This long-range indoor interrogation is possible by using the crosspolarization effect of the reflectarray: the depolarization effect becomes a discriminant criterion because it was observed that the environment depolarizes significantly less than the passive sensor.
To illustrate the impact of the radar position and of the corridor on the long-range remote derivation of the relative humidity, the estimator e Max is now calculated for different beam directions and different linear shifts by performing a sweeping combination (solutions n°1 and n°2). The electromagnetic signals backscattered by the sensor are received (Rx) by two antenna arrays (Antenna 1 and Antenna 2) of 1 × 5 patch antennas separated by a distance of 6 mm with the gain of 8.6 dBi and the beamwidth of 60°and 25°in azimuth and elevation, respectively. Results are shown in Fig. 11 for the two antennas arrays. It can be observed that the echo level difference between the two reception channels at the same position is of 10 dB in Fig. 11(a) . These differences may originate in the retrodirective effect of the Van-Atta reflectarray, which reflects the signal at a specific angle. Since the DoA is not equal to 0°, a difference of echo levels occurs. It enlightens the fact that, for long interrogation range of sensor in environments such like corridors, the beam direction of the transmitting antenna has to be controlled with high accuracy (<1°) for appropriately interrogating Van-Atta reflectarray sensors. This angle-dependent critical issue can be avoided from performing a beam scanning. Moreover, there is an echo level difference up to 10 dB between two different positions for the common reception channel in Fig. 11(b) . It means that the corridor generates multipath propagation and a nonzero azimuthal DoA. The DoA analysis can discriminate the passive sensor echo from undesirable echoes from the clutter. The standard 2-D MUSIC algorithm [16] is used here. The algorithm (not detailed here) assigns a DoA value to each voxel of the radar data grid. A spatial filter is applied to reduce the voxels contribution for which the DoA is higher than −5°. Results are shown in the bottom of Fig. 10 . Only the echoes generated by the Van-Atta reflectarray humidity sensor emerge from the 2-D display and the clutter is no more apparent. The DoA analysis is consequently an efficient tool for removing the unwanted echoes (clutter) when interrogating passive sensors at long distance.
IV. CONCLUSION
This paper has reported in detail different configurations to interrogate passive sensors with an FMCW radar and to obtain the high linearity and dynamic measurement range. For this purpose, a Van-Atta reflectarray humidity was used as a passive humidity sensor. The analysis of a multidimensional electromagnetic echo response is explored from three types of beam scanning techniques: a spherical sweeping, a cylindrical sweeping, and a SAR-type scanning obtained from the uniform linear motion of the radar with constant velocity. Statistical estimators of the humidity are defined for the remote derivation of relative humidity from radar echoes. For a sufficient number of voxels, the full-scale dynamic range of 17 dB is obtained with a measurement sensitivity of 0.6 dB/%. By using a method called the sweeping combination, it is possible to estimate the relative humidity among high level of parasitic echoes without knowing the exact position of the passive sensor. For industrial applications, the on-fly measurement of moving passive sensors (uniform linear motion of the radar with constant velocity) is demonstrated at a distance of 2.1 m from the stationary radar: a sensitivity of 0.3 dB/% is obtained in this case. Finally, thanks to its cross-polarization effect, the Van-Atta reflectarray humidity sensor is detected at the unprecedented long distance of 58 m for different radar positions in an indoor environment (corridor). It was shown that multipath propagation and clutter impact may be removed from applying the DoA analysis to passive sensors echoes.
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